In this paper, an experimental and numerical approach to the characterization of thermal bridges is presented. The need for this characterization was found within an experimental study in a 2 floor high façade. This façade was constructed with 3 concrete elements which were placed in it to produce a similar thermal bridge effect to the one created by floor slabs traditional building construction in Spain.
Introduction
Building energy consumption sums up to 40% of primary energy consumption in developed countries [1] [2] [3] [4] . Aside from energy needs for appliances or Domestic Hot Water, a large amount of this is required for space heating and cooling, to meet occupants comfort requirements. Intensive studies and development of techniques for the assessment of heating, cooling and air conditioning energy consumption of buildings have been conducted during more than 50 years. Testing and calculation methods have been developed, ranging from standardized material testing procedures to dynamic simulation software tools [5] .
Heat transfer through building envelopes is one of the main terms in the heat balance of buildings, and special attention is paid on them to ensure a proper thermal insulation level.
In the last half of the past century, building energy codes have forced a trend towards more insulated building envelopes. This trend has been boosted by EU Energy Performance of Buildings Directives (EPBD) [3] [4] , adopted by all EU member states.
In this context, the relative relevance of thermal bridges has grown.
Furthermore, in developed countries in Europe, the ageing building stock is involved into a thermal performance upgrade under the previously mentioned EPBD policies.
Building envelope upgrade processes are being conducted with systems such as External Thermal Insulation Systems (ETHICS). These systems potentially allow for a nearly complete avoidance of certain thermal bridges, but their practical implementation leads to performance uncertainties.
A detailed analysis on the relevance of thermal bridges and how building codes deal with them in EU Member States was performed in [6] . The relevance of thermal bridges in the energy assessment of buildings was estimated in upto 30% of heating energy demand. This being more relevant within highly insulated buildings. It was identified that although all building codes considered thermal bridges, these were commonly assessed through conservative default values. When dealing with renovation projects for already built buildings, the energy requirements for junctions are reduced or even not-imposed. The use of improved junctions compared to national default values was evaluated at 15 %.
In this context, an experiment was carried out in order to assess the thermal performance improvement of one of such façade refurbishment methods.
This experiment was conducted in the Kubik by tecnalia research facility [7] [8] . This is a research infrastructure located in Derio, Spain, focused on full scale testing of energy efficiency within the building sector. Its main goal being to bridge the gap between laboratory testing and full scale market deployment of building envelopes, HVAC & ICT solutions for Energy Efficiency, where the full energy interaction between different elements is evaluated. A 2 storey-high façade was constructed in the Kubik by Tecnalia test facility and several thermal bridge elements were located in it. However, due to the need to assess heat transfer through these elements, a multidimensional heat transfer model was created and calibrated.
Building envelopes are mainly characterized by one-dimensional (1D) heat transfer formulae are applied, neglecting the effect of hetereogenous elements (beams, window sills…). However, thermal bridges are common in places where structural stresses are transmitted from façades to beam elements, or where different kinds of envelope constructions meet, etc. with variations in the geometry & materials among the different sides of the joint. In these areas, bi-or tri-dimensional (2D /3D) heat transfer phenomena is present, and 1D assumptions can not be applied.
3D heat transfer accounts for a small share of the total heat transfer in a building, as it is restricted to corners. However, although not addressed in this paper, 3D thermal bridges are common locations for cold spots where condensation and mold growth can occur.
In common practice, building envelope heat transfer is commonly approached as 1D
heat flow over the full envelope surface, considering an additional linear heat transfer, related to the length of the edge in which 2D heat flows occur, as formulated in Eq 1.
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Eq 1
Linear Transmitance according to [9] Performance values of envelope constructions are most commonly provided through steady state approaches under standardized procedures: [10] In the framework of the already mentioned testing of different façades under external weather exposure and internal dynamic conditions, such a dynamic 2D heat transfer method was required. This paper providing the procedure for the experimental calibration of 2D Finite Difference Model (FDM), used for the obtention of the dynamic heat transfer of the thermal bridge. This process involved the location of several sensor devices in the elements themselves, the construction of the 2D FDM, and the calibration of the models to meet experimental results.
However, as FDMs only accounted for a small fraction of the total geometry of the test cells, results coming from this FDM needed to be coupled with measured data from 1D
heat transfer areas and HVAC systems.
In this framework, the results from the FDM were processed to convert them into a dynamic linear heat transfer transmittance, as it is further developed in chapter 8.
This process was found necessary not only because of its influence in the accuracy of the heat balance of the test cells, but also because one of the foreseen results was the thermal performance improvement of these elements, over the sequence of tested façades. This required of this experimental/numerical process being established to assess this improvement.
Process
The identification of 2D heat transfer through beam elements in façades was performed in a process which involved several steps.
• Definition of the mathematical integration frame for the assessment of the thermal bridges. (Section 3)
• Identification of suitable places for sensor placement (Section 5)
• Installation of sensors
• Experimental campaign (Section 6)
• 2D FDM modeling and calibration (Section 7)
• Integration of the calibrated models into the main room model (Section 10)
Integration Frame
Within a research project for the assessment of thermal improvement of building fabric through façade refurbishment, an experiment was conducted in which heat transfer through a building envelope was experimentally obtained.
This experiment was conducted in the Kubik by tecnalia research facility, where a subsector consisting of two test-rooms in a vertical arrangement were conditioned for this test. A west-oriented test façade was constructed in these rooms, which comprised 3 beam elements, constructed in equivalent materials and thicknesses to those present in the Spanish building stock. represented the one-dimensional heat transfer through the building fabric
represented the incremental two-dimensional heat transfer through the building fabric by the beam elements. All 2D heat transfer is neglected except that occurring through the beam elements.
• C represented an uncertainty value which also comprised all the non-considered heat flows.
This balance was formulated and solved for each of the test cells, considering the air volume enclosed in them as "well-mixed". This approach was considered consistent as the HVAC system consisted on a fan coil system which provided a good air circulation in the test rooms.
The heat balance of the test cell was formulated in a dynamic way and solved for every considered time step (every hour). The heat balance is formulated over the enclosed air volume, whose thermal storage was neglected, the heat capacity and the oscillation of the temperature of this fluid being low, especially when compared with the heat transfer over the enclosing surfaces.
Although several definitions of 1D and 2D heat flows are available, within this project the following definition was applied:
• Control volumes of test rooms were approached as hexahedral volumes limited by the internal surfaces of building elements.
• 1D heat flows were measured in clearly 1D heat flow zones and applied over the full corresponding surface of the test-room model.
• The additional heat flow generated by 2D heat flows in beam elements was calculated and introduced in the test-room model as a linear heat transfer in the corresponding edge.
• Convective and radiative heat exchange of the façade are jointly considered as a surface/boundary heat exchange. The calculation of the additional 2D heat flow was calculated through a calibrated 2D FDM model. A measurement, modeling and calibration process was performed on each of these particular construction details, which is described in the following chapters.
The uncertainty value (C in Eq 2) is the only unknown value in Eq 2 as the other three 
Joint surface Convective & Radiative heat transfer approach for internal surfaces
Internal heat transfer coefficients are identified from experimental data in the calibration process of the 2D FDM.
It is well known that wall surfaces exchange heat with their surrounding environment through convection and radiation processes. Roughly defined, convection is related with the temperature of the surrounding air, while radiation is related with the average radiant temperature of the surfaces enclosing this environment. In the case of rooms or test cells, this average radiant temperature is related to the temperature of wall/slab surfaces and the surface-to-surface view factor. In the case of external conditions, this is related to the temperature of the sky, the temperature of the surrounding earth/building surfaces, and again the view factor.
Heat transfer in the internal surface of a wall Where:
• surf Q represents the overall surface heat transfer The original heat transfer equation can be substituted by a linear form according to [18] , obtaining the following equation:
Heat transfer in the internal surface of a wall with linearized convection Where:
• ' rad h is the linearized radiant heat transfer coefficient However, in the case of internal heat transfer, it was decided to join both heat transfer processes into one unique heat flux. This heat flux relative to the internal ambient temperature. It was considered that the simplification introduced through this approach was not very relevant in terms of model accuracy, as surface and ambient temperatures in this kind of test cells without windows were expected to be very similar.
• h is the overall heat transfer coefficient The tested façade system does not comply with this assumption as it is more exposed to the external ambience and it is constructed with heavily inertial materials. However, this
was not found problematic, as this system is part of the thermal model and not of its boundary conditions. The taken assumptions were verified with ambient & surface temperature data from the experimental campaign.
5.
Identification of suitable places for sensor placement
Evaluation of the thermal field
The location of sensors requires of a careful study, to ensure that, once installed their signal will be accurate and representative of the measured variable. Within this study, a FDM analysis was performed in order to evaluate the expected thermal field in the thermal bridge area, and this information was used to select the most suitable places for the sensors.
Steady-state 2D thermal models of the three wall-slab junction details were made in order to find the most suitable places for sensor placement. The architectural details were modeled in TRISCO [19] and meshed according to [11] . Fig 6 shows the steady state result of one of the performed FDM analysis.
The selection of the location of sensors intended a balance between a reduced amount of sensors and the placement of sensors distributed across the architectural detail in order to provide sufficient data for the calibration of dynamic FDMs.
Feasibility of installation
Feasibility of the location was also evaluated, which was mainly related to weatherproofing. Sensors would have to be operative for several years. Outdoor locations with difficulties for sensors replacements had to ensure that sensors would not be damaged shortly after installation.
Due to weather-proof limitations, no heat flux meter was installed outdoors, and temperature sensors were embedded in concrete, which in turn provided more stable temperature signals. Due to the stability of this solution, when possible, indoor temperature sensors were also embedded in concrete.
Furthermore, to avoid failure issues regarding failure of sensors in non-accessible locations, redundant sensors were located in external locations were replacement was estimated as difficultly achievable.
Due to the specific case of each of the slab-façade joints, not all internal locations where available in all joints:
• Floor 1: Only locations above the slab were possible
• Floor 2: All locations
• Roof: Only locations below the slab were possible
Selection of location
Suitability was defined with a series of specifications:
• Temperature sensors should be located at different isothermal zones, as they reflect areas differently influenced by internal or external boundary conditions in term of amplitude & phase-shift.
• Heat-flux sensors should be located at places with different heat flow densities.
Regarding the outer surface temperature, sensors were located in the centre of the slab.
In this case, redundant sensors were placed.
Regarding internal temperature measurements, 2D steady-state models showed that the surface temperature of the concrete elements had a relevant gradient perpendicularly to the façade, and sensors where placed in the coldest & hottest places of the element: Regarding heat flux measurements, most divergent heat flux densities were found above the slab. Furthermore, no locations were found below the slab, as the highly conductive surface of the steel beam and the reduced exposed area of the concrete element were evaluated unappropriated.
The selected locations where the following: The final sensor list and location can be found in Table 1 . 
Experimental campaign
The experimentation on the assessment of thermal bridges was conducted within the experimental campaign of the main project described in the integration frame.
Depending on the experimental campaign, different façades were tested. Data provided in this paper was obtained during Phase 0 with the highly insulated sandwich façade construction.
In this campaign several temperature setpoint levels were established at each of the thermal zones. Data was divided in four datasets, which are indicated in Table 2 . 
FDM modeling and calibration
The FDM modeling was conducted using VOLTRA [20] , a transient 2D-3D heat transfer modeling software. In this software, the architectural details were modeled in 2D and meshed according to [11] , and a parametric study was conducted to fix each of the thermal properties in the model. The calibrated parameters being the following: The calibration process was conducted in steps:
0. An initial model was constructed by using thermal properties from the Phisibel database in VOLTRA [20] .
1. Thermal conductivity of materials was fixed by using Temperature data from nearly steady state periods.
2. Thermal capacity of materials was fixed by using Temperature data from transient periods.
3. Surface heat transfer coefficients were fixed by using heat flux data from steady state periods.
At each step the effect of the modification of the calibrated parameters in previously calibrated parameters was studied. Details range of estimation, and bibliographic references on the imposed thermal parameters, as well as the finally validated result can be found in sections 9.3 and 9.4.
The following results were obtained:
• Façade constructions: These elements were constructed with 30cm of insulating materials. The resulting very insulating (U<0.2 W/m2K) and almost massless elements required only a fine tuning of thermal conductivity values.
• Concrete elements: Floor slabs and thermal bridge elements required minor conductivity and capacity tuning, as the final values were similar to initial estimations and data from material catalogues.
• Heat transfer coefficients were found to be most difficult to calibrate. Different coefficients were required for upwards and downwards heat flow. Additionally reduced heat transfer coefficients were applied to corner areas.
• Dataset 3 presented highly unsteady conditions due to two situations. Firstly, as all the surrounding internal spaces where artificially cooled to generate a thermal gradient with the F1S1 room, as the heating system was found not able to meet the setpoint at all times. Additionally, when the setpoint was reached, a very strict deadband value produced short activation-deactivation osculation cycles of this system. Dataset 3 was not considered suitable for calibration due to a highly variable convection coefficient oscillation caused by:
o The direction of the vertical convection was not always the same, as floor slabs were charged-discharged when indoor temperature oscilated.
o The activation over short cycles of the fan coil heating system modified airflow around the indoor surface.
The final conclusion of this process is that material testing and precise construction of architectural details allows for a good control in heat transfer in solid materials, while convective processes need to be specifically verified prior to the estimation of the thermal behavior of a thermal bridge.
Instability of convective problems were mostly related to the HVAC system, which consisted on a fan-coil system located in the ceiling. 
Verification of the joint convection-radiation approach
Data from the experimental campaign was used to verify that temperature differences between surface and air temperature were sufficiently similar as to perform a joint modelling of convection and radiation processes in the internal side of the façade elements. As it can be seen in the Fig 10 , the difference between these temperatures was limited, except for those moments where heavy HVAC excitation was made, or where high temperature differences between test cells were present (Sequence 4). The observed temperature differences were:
• Smaller than 0,5 ºC in steady states
• Around 1-3 ºC during the dynamic response when the HVAC system acts as full power.
• Stable at 2.2 ºC when a highly different temperature was present in a neighboring room. This situation was found specific to sequence 4, which is very specific to calibration purposes.
The observed differences due to highly HVAC fluctuating situations, and highly different surface temperatures due to opposed temperatures in neighboring test cells, were estimated specific to very seldom phenomena, and the inaccuracy introduced by the joint convection-radiation approach was assumed acceptable.
9.
Modelling details of the FDM
Selected boundary conditions
The selected boundary conditions for each FDM account for the following:
• Outdoor: Surface temperature, measured at the concrete beam, average of signals (2-3 signals depending of the beam).
• Indoor: Indoor air temperature. Measured at three heights, 70, 110 and 170cm.
The FDM uses the average of these three signals.
The selected boundary condition for the outdoor ambient was the surface temperature of the slab, as this temperature already accounted for the influence of solar radiation. This surface temperature was found very robust, as sensors placed in the same beam, produced nearly-identical signals. It is known that the surface temperature varies along the façade, as part of the 2-dimensional heat transfer phenomena, which is studied in this paper. However, when studying a case with highly insulated façade elements, it was found that although the considered boundary condition is not very representative of the surface temperature over the 1-dimensional areas, this did not produce significant differences in the surface temperature field inside the building.
Surface heat exchange model
The FDM was constructed based on the defined boundary conditions. In Fig 11 , an scheme of the surface heat transfer areas can be found. This heat exchange scheme was changed when an area with reduced heat transfer was required.
Fig 11
Surface Heat transfer scheme, initial approach(left) and modified approach with reduced heat transfer areas(right)
Material properties
Material properties were subjected to identification procedures. In Table 3 , thermal parameters are provided. For each item, the range of estimation and a reference value from [21] are provided. Minimum and maximum values were established to the calibration of the parameters, based on experience of variation ranges for such elements.
As it can be seen in this table, Insulation materials, and metal elements did not require of parameter estimation, and only concrete, which was not a standardized material supply for this experiment required parameter estimations. 
Surface heat transfer coefficients
The calibration of the thermal model required of a fine tuning of the surface heat transfer coefficients. This heat transfer accounted jointly for convection and radiation phenomena. Initially, all surfaces where considered with one heat transfer coefficient, but then reduced values were provided for corner areas, and different coefficients were identified for up and downwards heat flux periods. The reduced heat transfer in corner areas is estimated to be produced/required as the air velocity in these areas is reduced, when compared to more exposed areas. And the difference between upwards and downwards periods is an already known issue, which is even reflected in standardized heat transfer calculations [10] .
For each item, the range of estimation and a reference value from [10] are provided.
Minimum and maximum values were established based on experience of variation ranges for such parameters. 
Integration of the calibrated models into the main room model
The experimentation and calibration process which is described in this document was developed to produce a suitable thermal model of thermal bridges for its use in a thermal balance of a room. • All the heat transfer was referred to a reference room (F1S1 or F2S1 depending on the case), and heat flows were measured in the indoor surface/volume of this reference room. overall energy balance, but also in terms of short term response.
Depending on the boundary temperatures in each of the sequences, the additional heat transfer across the thermal bridge had different impact on the overall heat balance. In situations with small 1D heat transfer, heat transfer across concrete elements was far more relevant than 1D-heat transfer. This can be observed in situations such as sequences 1 & 2 of the concrete element at floor 1 level (Fig 13 ) , where 1D heat transfer could even be neglected, during pseudo-steady-state periods. In situations with larger heat transfer situations, the concrete element provided 10-20% of surplus/reduced heat transfer over the analyzed junction detail.
It was also noticed that the time-response of the slab was far more slow than that of planar surfaces, as it was expected due to these elements being composed by bulk concrete, as opposed to insulation materials, void spaces,… on planar surfaces.
Summary and Conclusions
Within a research project with further objectives, the energy performance of thermal bridges generated in several concrete beam elements has been studied. This assessment was performed through a dynamic 2D thermal model, which was calibrated against experimental data. The thermal flow in these elements was found clearly bidimensional, which states the need of such analysis methods. Furthermore, not only the thermal field was calculated, but its results were reformulated to fit into the heat balance calculation of several rooms.
The models were found to be extremely sensible to surface convection and radiation heat transfer, while were reasonably stable to thermal properties of materials. The geometric description was considered exact as craftworks were supervised to avoid uncertainties of this kind. The sensitivity to surface heat transfer coefficients was mainly observed in heat flux signals, while temperature signals did not divert significantly with heat transfer coefficients similar to the finally calibrated one.
It was found extremely relevant to include heat transfer across these concrete elements for a proper heat balance analysis of the experiment. 2D heat flows were found very relevant in some cases where 1D heat transfer was very low or even neglectable. Even in situations with large 1-dimensional heat transfer, 2D heat flow accounted for modifications in the range of 10-20% for the analyzed junctions. It should be noted that 2D heat flow did not necessarily have the same direction to the 1D heat flow, so that it would be difficult to deal with it as a linear factor of 1D heat flows. The magnitude of this heat flux is found coherent with previous works on heat transfer such as [6] , where the influence of thermal bridges is estimated in 15%.
Within full scale testing of thermal performance of building elements with clearly non one-dimensional flow, it is considered that the use of methods such as the one exposed in this paper or others providing similar information is highly useful. 
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